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How to make my blood boil
Two recent papers comparing the structure of a hyperthermophilic protein with
its mesophilic counterpart both conclude that large networks of ion-pairs
are important for hyperthermostability. How and why is not yet clear.
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Considered as a protein design project, the first step in
making my blood boil would be to design blood proteins
that are not denatured and precipitated at 1000C. Such
would be a necessary prerequisite for producing a real-
life version of the characters in Terminator II or for mak-
ing unfryable egg white as a practical joke. Two recent
papers in Structure [1,2], while not explicitly defining
their goals this way, nevertheless have at their heart an
effort to understand why certain proteins are hyperther-
mostable (stable at temperatures above, say, 800 C). They
compare the structure of a protein from an extremophile
with the structure of a heat-labile version of the same
protein from a mesophile. Such comparisons are almost
certainly the best way to start to examine how enzymes
are rendered hyperthermostable. Incidentally, the papers
also demonstrate why experimental structure determina-
tion, as opposed to homology modelling, is needed. One
of the groups earlier used homology modelling to ana-
lyze the structure of the enzyme they have just deter-
mined [3] but without seeing the key difference they
now describe.
Surprising agreement exists between the two papers, one
comparing glutamate dehydrogenases from Pyrococcus
firiosus and Clostridilum symbiosum (fand Cs GluDH) [1]
and the other comparing indole-3-glycerolphosphate syn-
thases from Sutfolobus solfataricus and Escherichia coli (Ss and
Ec IGPS) [2]. The amount of secondary structure is simi-
lar in both heat-stable and labile versions of the proteins.
Pf GluDH is shorter and more compact than Cs GluDH
because it lacks the first Cs GluDH helix, but that helix is
also missing in a yeast GluDH, suggesting that it is not
important for stability [1]. Conversely, Ss IGPS has an
extra N-terminal helix but the attachment of the N-ter-
minal region to the rest of the protein, not the helix per se,
appears to be important for thermostability [2]. There is
no significant change in the accessible surface area nor in
the packing density between the mesophilic and thermo-
philic proteins. Yip et al. [1] also find nothing unusual in
the temperature factors of IPfGluDH.
Both sets of authors do, however, find a superabundance
of ion-pairs, often arranged in large networks (Figs 1,2a).
It is this feature, they believe, that explains the hyperther-
mostability. The average number of ion-pairs per residue
in Pf GluDH is 0.11, as opposed to an average value in
proteins in general of 0.04 [4], and 0.06 per residue in Cs
GluDH. The ionic networks in the hexameric PfGluDH
Fig. 1. A figure (taken from [1]) showing part of the 18-residue
intermonomer ionic network in Pyrococcus furiosus glutamate
dehydrogenase. The side chains are coloured according to
charge and helices from two different monomers are shown, one
in yellow and the other in green.
(pair seems inappropriate for arrangements of up to 18
side chains!) cover the surface, spanning different
domains and even different subunits (Fig. 1). The less
baroque networks in monomeric Ss IGPS nonetheless
include triple and quadruple ion-pairs unique to the
hyperthermostable enzyme and the number of ion-pairs
is more than double that of Ec IGPS. To create the net-
works, some residues, often arginine, have to form multi-
dentate interactions. The ease with which arginine can
form multidentate interactions may explain why it occurs
more often in hyperthermophilic proteins. One intrigu-
ing difference between IPfGluDH and Ss IGPS is that in
the former the networks are apparently only on the sur-
face, while in Ss IGPS the ionic interactions span the
range from exposed to buried.
These results agree with early work by Perutz on ferre-
doxins [5], with a more recent study of PIfiuriosus rubre-
doxin [6] and with results on Termotoga maritima
glyceraldehyde-3-phosphate dehydrogenase [7]. Further-
more, S. solfataricus 3-glycosidase has large ionic networks
on the surface, like Pf GluDH, while some of the ionic
interactions tie down the polypeptide termini, as in
© Current Biology Ltd ISSN 0969-2126 1277
1278 Structure 1995, Vol 3 No 12
Fig. 2. A schematic showing some of the ways in which a hyperthermostable protein might be stabilized. (a) By multidentate ionic
interactions that create large networks of ion-pairs. (b) By better attachment of the ends of the molecule to the core protein and shorter
loops to prevent 'fraying'. (c) By improved secondary-structure stabilization such as N-terminal and C-terminal caps to X helices and
better helix-forming residues. (d) By generally tighter packing of the protein.
Ss IGPS (Lawrence Pearl, personal communication). We,
too, have observed the same in a comparison of two solu-
ble inorganic pyrophosphatases (T Salminen, A Teplyakov
and A Goldman, unpublished data): networks of ionic
interactions occur more often and are more elaborate in
the more thermostable protein.
The case against ion-pairs
Why, then, did Brian Matthews write [8] "There is now
ample evidence that electrostatic interactions between
largely solvent exposed amino acids...contribute little to
protein stability." Both theoretical and experimental
results (reviewed in [9]) suggest that forming an ion-pair
may not be favourable. In the process, two solvent-
screened ions have to be desolvated with at best an
enthalpy change of around zero. The change in entropy
also does not necessarily favour formation of the ion-pair
because both side chains have to be completely immobi-
lized. If surface ion-pairs are not favoured, are buried
ones 'better'? Here, too, recent results suggest that the
answer may be "no". Even though buried ion-pairs are
highly conserved [10], the buried Arg-Glu-Arg ion
triplet in the Arc repressor can be replaced with
Met-Tyr-Leu yielding a more stable and still active
repressor dimer [11]. Thus, buried ion-pairs may be
crucial neither for protein stabilization nor for function
but, instead, seem to be an evolutionary dead-end as
replacement must take place either en masse or not at all.
To try to resolve the contradiction implicit in the above
discussion, one must instead concentrate on the ionic net-
work. Although the immobilization and desolvation of an
ion-pair may not be favourable, the favourable coulombic
interaction of a member of that ion-pair with a third
charged side chain is presumably not much diminished.
The burial cost, however, is halved; only one additional
residue must be desolvated and immobilized. The same is
true for the fourth, fifth, et cetera charged side chain.
Other ways of stabilizing a hyperthermophilic protein
Not surprisingly, there appears to be more than one way
to stabilize a hyperthermophilic protein. Hennig et al. [2]
note that the more structured N-terminal region of Ss
IGPS is attached more tightly (partly via ion-pairs) to the
a/3 barrel than it is in Ec IGPS (Fig. 2b). Ss IGPS
appears to interact more tightly than Ec IGPS with the
bound phosphate: more interactions with the protein
backbone and fewer water-mediated and side-chain
interactions. The N and C termini of the c helices have
better caps in Ss IGPS than in Ec IGPS (Fig. 2c). Yip et
al. [1], however, find no convincing basis for the hyper-
thermostability of PfGluDH apart from ionic networks.
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On the other hand, two recent papers on the structure of
Taq polymerase [12,13] agree that ion-pairs do not
explain the stability of this important thermophilic
enzyme. The most noticeable changes between Taq
polymerase and the Klenow fragment of E. coli DNA
polymerase I are an increased hydrophobic core,
increased interdomain interface area, and removal of
unfavourable electrostatic interactions [13]. Hol's group,
comparing the structure of Bacillus stearothermophilus
triosephosphate isomerase with five others, found many
small effects contributing to thermostability, the most
important being an increase in buried hydrophobic sur-
face area in the monomer-monomer contact region [14].
The first I? furiosus enzyme structure, of aldehyde ferre-
doxin oxidoreductase [15], also proposed that the pro-
tein's hyperthermostability was due to many small effects.
Even though it contained metals and had a relatively high
number of ion-pairs per residue (-0.08), heat-labile pro-
teins too (e.g. beef liver catalase) can contain metals and
have as many ion-pairs per residue. The most important
factor for thermostability seemed to be a minimization of
the surface-to-volume ratio of the enzyme, suggesting
that it was tightly packed (Fig. 2d). Similarly, many small
effects may account for the stability of Thermoplasnma
acidophilum citrate synthase [16]: more stable helices,
more hydrophobic interactions, shorter loops, and fewer
cavities in comparison with the pig heart enzyme.
Finally, I? furiosus citrate synthase seems to have a very
low arginine to lysine ratio [17] - unlike PfGluDH [1].
Ion-pairs: the disulphide bridge story revisited?
To this reader at least, the controversy surrounding the
role of ion-pairs resembles the continuing arguments as
to how disulphide bridges stabilize proteins, and therefore
how to engineer them to confer increased stability [18].
One must consider the change in entropy and enthalpy
for the native and denatured states of the protein both
with and without the disulphide bridge. At least two fac-
tors are important. Firstly, the conformational entropy of
the denatured state in the bridged protein (favouring
folding). Secondly, fewer water molecules bind to the
denatured bridged protein. Thus, in the bridged protein,
there is a smaller increase in entropy by release of water
molecules on folding (favouring unfolding), but at the
cost of unsatisfied or poorly satisfied hydrogen-bond
donors and acceptors around the disulphide bridge
(enthalpically favouring folding). The balance of all these
terms determines if a particular disulphide bridge is stabi-
lizing or not - always assuming that the native confor-
mation of the protein can accommodate the bridge at
little or no enthalpic or entropic cost.
So where does this leave our protein design project of
making blood boil? My guess is: further off than a cur-
sory reading of these two papers [1,2] might suggest.
Firstly, there is more than one way to make proteins
hyperthermostable. Secondly, creating a network of stabi-
lizing electrostatic interactions requires precise position-
ing of many side-chain and main-chain atoms; as for
engineered disulphide bridges, an elaborate balancing act
is required. To continue the analogy, proteins are like
trampolines: everything is interconnected, and creating
large ionic networks without inadvertent local or distant
'strain energy' is difficult. The addition of ionic networks
to a mesophilic protein is, nonetheless, an intriguing
experiment, although the reverse - destroying a net-
work and seeing what happens - is, of course, easier.
Gene jockeys: on your marks, get set, mutate!
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